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Abstract 

The use of Cyclophosphamide, an anti-cancer and immunosuppressant drug, is accompanied by a number of side effects. Rats 
injected with a single dose of cyclophosphamide (200 mg kg -1 body weight) showed an increase in the levels of serum 
glutamate-oxaloacetate transaminase, serum glutamate-pyruvate transaminase, glucose-6-phosphate dehydrogenase and creatine 
phosphokinase isoenzyme by 53, 24, 55 and 135%, respectively. Also the ability of heart or liver mitochondria to retain 
accumulated Ca 2+ and tetraphenylphosphonium ion was sharply affected in treated rats. Rats injected with the same dose of 
cyclophosphamide plus cyclosporin A (500 /ig kg -1 body weight) showed reduction in the levels of those enzymes by about 44, 
21, 43 and 57%, respectively compared to cyclophosphamide-treated rats. Cyclosporin A treatment also restored mitochondrial 
ability to retain accumulated Ca 2 + and tetraphenyl phosphonium ions nearly to the level of untreated rats. We suggest that 
cyclophosphamide induced cardio and hepatotoxicity by increasing heart and liver inner mitochondrial membrane permeability to 
Ca 2+ . The protective effect of cyclosporin A against cyclophosphamide-induced damage also support this suggestion. © 1998 
Elsevier Science Inc. All rights reserved. 
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1. Introduction 

In heart and liver mitochondria the simultaneous 
operation of the Ca 2 + uniporter, responsible for Ca 2 + 
accumulation, and the efflux mechanism, which in- 
volves distinct Na + -independent and Na + -dependent 
process for Ca 2+ release, led to the concept that a 
continuous cycling of Ca 2+ occurs across the innermi- 
tochondrial membrane [9,26,29]. Several enzymes of 
oxidative metabolism are sensitive to Ca 2 + . Three ma- 
trix enzymes from liver mitochondria; pyruvate dehy- 
drogenase, isocitrate dehydrogenase and a 
ketoglutarate dehydrogenase are activated by free Ca 2 + 
in excess of 0.1-10 fiU [25,26]. 

High levels of cytosolic Ca 2+ opens a non-specific 
pore in the inner mitochondrial membrane. When 
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opens, the pore renders mitochondria leaky leading to 
uncoupling of energy transduction and the release of 
matrix free Ca 2+ [4,7,10,16,30]. Under pathological 
conditions associated with high cellular Ca 2 + , the im- 
pairment of mitochondrial ATP production by pore 
opening may be an important contributory factor in 
Ca 2+ induced cell death [31]. 

Cyclophosphamide is an alkylating agent that is in 
use as anti-cancer and immunosuppressant drug [27]. 
Cyclophosphamide metabolism is responsible for its 
immunosuppressing effect [27]; the drug itself lacks 
immunosuppressant effect and must first be activated 
by cytochrome P 450 in the liver [35]. The use of cy- 
clophosphamide is accompanied by a number of side 
effects such as nausea, vomiting, alopecia, leukopenia 
and cardiac necrosis [12]. The toxicity and pharmacol- 
ogy of cyclophosphamide have been reviewed by 
Gershwin et al. [14] and Bagley and Bostick [6]. 
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Cyclosporin A (CsA) is a well-known immunosu- 
pressive drug [13,21]. The effect of CsA on Ca 2 + 
retention by liver, heart and kidney mitochondria, has 
been the subject of many studies. Addition of CsA to 
respiring mitochondria of liver, heart or kidney under 
conditions of Ca 2+ overload induced maintenance of 
membrane potential, inhibited matrix volume expan- 
sion, and increased mitochondrial ability to retain 
pre-accumulated Ca 2+ [3,11,18,33]. Nazareth et al. 
[28] suggested that CsA is a potent inhibitor of the 
non specific pore in inner mitochondrial membrane. 

This investigation examined the effect of cyclophos- 
phamide administration on liver and heart mitochon- 
dria, in vivo, and the impact of CsA presence. 

2. Materials and methods 

A total of 36 adults male Sprague-Dawly rats 
from our departmental facility were divided into three 
equal groups. One group received i.p. injection of cy- 
clophosphamide (200 mg kg _ 1 body weight), second 
group received the same dose of cyclosphamide plus 
CsA (500 fig kg -1 body weight) and the third group 
(control) injected with an equivalent volume of nor- 
mal saline. The experiment was repeated with a total 
of 48 adults rats divided into the same three groups 
as above plus fourth group injected with the same 
dose of CsA alone. All rats were housed in standard 
conditions and allowed unlimited access to food and 
water. 

On day 7, rats were anesthetized with ether and 
blood was collected from tails for serum glutamate- 
oxaloacetate transaminase (SGOT), serum glutamate- 
pyruvate transaminase (SGPT), glucose-6-phosphate 
dehydrogenase (G6P-DH) and creatine phosphokinase 
isoenzyme (CPK 2 -MB) estimation. Rats were then 
killed by cervical fracture, and their livers, hearts 
were immediately excised for isolation of mitochon- 
dria as described in detail elsewhere [1]. The final 
mitochondrial pellets were resuspended in MST buffer 
(210 mM mannitol, 70 mM sucrose, 10 mM Tris- 
HC1, pH 7.2). Protein was measured by a modified 
biuret method [24]. 

Ca 2 + efflux was measured by the Ca 2 + indicator 
arsenazo III with a PYE-Unicam spectrophotometer 
set at 675-685 nm. Mitochondria (1 mg ml -1 ) was 
pre-incubated at 25°C in standard medium contain- 
ing: 120 mM KC1-10 mM Tris-Hepes (pH 7.2), 60 
fiM arsenazo III, rotenone (1 fig mg -1 protein), 
phosphate (P) (either 1 or 2 mM for liver or heart 
mitochondria, respectively). Ca 2+ was then added to 
a total load of either 20 or 50 nmol mg _ 1 protein for 
liver or heart mitochondria, respectively. The uptake 
of Ca 2+ was initiated by addition of 4 mM succinate. 

Tetraphenyl phosphonium ion (TPP + ) uptake, esti- 



mated with a TPP + -sensitive electrode prepared in 
our laboratory as described by Kamo et al. [22], was 
used to monitor changes in isolated liver and heart 
mitochondria membrane potential. Accumulation and 
release of TPP + by coupled mitochondria is directly 
related to membrane potential [22]. Mitochondria (1 
mg ml -1 ) was incubated in medium (3 ml) contain- 
ing, 120 mM KC1, 10 mM Tris-Hepes (pH 7.2), 
rotenone (1 //g mg"' protein), 3 /uM TPP + , ?, 1 or 
2 mM for liver or heart mitochondria, respectively, 
and 20 or 50 nmol Ca 2 + mg ~ 1 protein for liver or 
heart mitochondria, respectively. TPP + influx was 
started by addition of 4 mM succinate. 

SGOT, SGPT levels were measured according to 
the method of Retiman and Frankel [32], G6P-DH 
level was measured according to the method of Rom- 
berg and Horecker [23] CPK 2 -MB level was measured 
according to the method of Kachmar and Moss [20]. 

Rotenone and TPP + were purchased from Aldrich 
(Gillingham, UK). Arsenazo III and cyclophos- 
phamide were obtained from Fluka AG. (Buchs, 
Switzerland). Cyclosporin A was a kind gift from Dr 
A. Al-Nasser of the King Faisal Specialist Hospital, 
Riyadh. All other chemicals were purchased from the 
Sigma (St. Louis, MO). 



3. Results 

Fig. 1 shows the ability of heart mitochondria to 
accumulate and retain Ca 2 + . Mitochondria isolated 
from cyclophosphamide-treated rats accumulated only 
about 25 nmol Ca 2+ mg - 1 protein in the first minute 
followed by a gradual release of Ca 2+ (Fig. 1, upper 
trace). In contrast, mitochondria isolated from control 
rats (or CsA treated rats) accumulated and retained 
all Ca 2+ during the entire experiment (Fig. 1, bottom 
trace). Similar ability to accumulate and retain Ca 2 + 
was observed with mitochondria isolated from cy- 
clophosphamide plus-CsA treated rats (Fig. 1, dotted 
trace). The ability of heart mitochondria to accumu- 
late and retain TPP + was also examined (Fig. 2). 
Mitochondria from cyclophosphamide treated rats ac- 
cumulated TPP + initially but was unable to retain it 
(Fig. 2, upper trace). By contrast, mitochondrial of 
normal, (or CsA treated rats) or cyclophosphamide 
plus CsA treated rats (Fig. 2, bottom trace or dotted 
trace, respectively) were able to accumulate and retain 
TPP + for the duration of the experiment. 

Mitochondria of the liver showed similar pattern of 
damage/protection by the injection of cyclophos- 
phamide/cyclophosphamide-plus-CsA (Figs. 3 and 4). 
Liver mitochondria isolated from cyclophosphamide- 
injected rats accumulated about 15 nmol Ca 2+ mg -1 
protein, then slowly released it (Fig. 3, top trace). 
Mitochondria of either control (or CsA treated rats) 
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(Fig. 3, bottom trace) or cyclophosphamide-plus- 
CsA-treated rats (Fig. 3, dotted trace) accumulated 
and retained Ca 2 + . Fig. 4 shows the ability of those 
livers mitochondria to accumulated and retain 
TPP + . Liver mitochondria from cyclophosphamide- 
treated rats accumulated TPP + in the first minute 
then slowly released it (top trace). Whereas mito- 
chondria from either control (or CsA treated rats) 
(bottom trace) or cyclophosphamide plus CsA 
treated rats (dotted trace) were able to accumulate 
and retain TPP + . 

The effect of cyclophosphamide treatment, ± CsA 
on the levels of enzymes (GOT), (GPT), (G6P-DH) 
and (CPK 2 -MB) were tested. The levels of those en- 
zymes estimated from blood samples collected in day 
7 post injection and compared to control (Table 1). 
The serum levels of (GOT), (GPT), (G6P-DH) and 
(CPK 2 -MB) increased by 53, 24, 55 and 135%, re- 
spectively, in cyclophosphamide-treated rats. In con- 
trast, levels of those enzymes in CsA treated rats or 
cyclophosphamide-plus-CsA-treated rats were lower 
than those of control rats. 
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Fig. 1. Effect of cyclophosphamide on the capacity of heart mito- 
chondria to accumulate and retain Ca 2 + . Heart mitochondria (1 mg 
ml ~" ') isolated from either cyclophosphamide treated rats (top trace) 
or cyclophosamide plus CsA treated rats (dotted trace) or from 
normal rats (or CsA treated rats) (bottom trace) were incubated in 
assay buffer (3 ml final volume) containing, 120 mM KCL-10 mM 
Tris-Hepes (pH 7.2), 1 fig rotenone mg - 1 protein, 60 fiM arsenazo 
III, 2 mM phosphate, 50 nmol Ca 2 + mg ~ 1 protein. The uptake of 
Ca 2+ was initiated by the addition of 4 mM succinate as indicated. 
These results are from two studies and are representatives of four 
experiments for each study. 
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Fig. 2. The ability of heart mitochondria to accumulate and retain 
TPP + . Heart mitochondria (1 mg ml -1 ) isolated from either cy- 
clophosphamide treated rats (top trace) or cyclophosphamide plus 
CsA treated rats (dotted trace) or from normal rats (or CsA treated 
rats) (bottom trace) were incubated in assay buffer (3 ml final 
volume) containing, 120 mM KCL-10 mM Tris-Hepes (pH 7.2), 2 
mM phosphate, 50 nmol Ca 2+ mg -1 protein, 1 fig rotenone mg -1 
protein, 3 ftM TPP + . The uptake of TPP + was initiated by the 
addition of 4 mM succinate as indicated. These results are from two 
studies and are representatives of six experiments for each study. 

4. Discussion 

Cyclophosphamide is an anti-cancer and immuno- 
suppressant drug that is known to have a number of 
side effects. Many studies reported that treatment with 
cyclophosphamide produced severe liver damage but 
the mechanism has been difficult to establish 
[5,15,17,19]. 

Previously we reported that some anti-cancer drugs 
(cisplatin-adriamycin), which caused nephrotoxicity and 
cardiotoxicity, were involved in opening of pore in the 
ip^er mitochondrial membrane of kidney and heart 
([1,8]) In this study, we report the possible involvement 
of^cyclophosphamide treatment in opening the same 
mitochondrial pore in heart and liver. Rats injected 
with a single dose of cyclophosphamide (200 mg kg ~~ 1 
body weight) showed increase in the levels of serum 
(GOT), (GPT), (G6P-DH) and (CPK 2 -MB) by 53, 24, 
55 and 135%, respectively (Table 1). This is most likely 
the results of toxic side effect of cyclophosphamide 
administration as elevated levels of these enzyme is 
associated with certain types of heart damage such as 
myocardial infraction, myocarditis, and heart failure 
[20,34]. 

Adminstration of cyclophosphamide to rats sharply 
affected the heart, and to lesser extent the liver mito- 
chondria ability to retain accumulated Ca 2+ (Figs. 1 
and 3) or TPP (Figs. 2 and 4). We postulated in 
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previous studies that a pore in inner mitochondrial 
membrane of liver, heart and kidney is ascillating be- 
tween close and open state [2,15,10]. High intramito- 
chondrial free Ca 2+ stabilizes the open state of those 
pores leading to increased permeability and conse- 
quent uncoupling of mitochondrial linked ATP syn- 
thesis. Ca 2+ overload is the pathogenetic mechanism 
in certain types of cell injury. It has often been sug- 
gested that high Ca 2+ may be detrimental to mito- 
chondrial energy transduction in those forms of 
injury associated with excess cellular Ca 2+ and that 
mitochondrial dysfunction might contribute to the 
progression of the injury [28,31]. In this kind of dis- 
ease increasing the cytosolic Ca 2+ will lead to in- 
crease of intramitochondrial Ca 2+ and dysfunction 
mitochondria possibly by opening the pore. 

There is increasing evidence suggesting that pore 
inhibitory agents, such as CsA, could protect heart, 
liver, and kidney mitochondria from functional alter- 
ations associated with matrix Ca 2+ overload 
[3,11,18]. Inclusion of CsA appeared to provide pro- 
tection against toxic effects of cyclophosphamides as 
examined by both levels of metabolic enzymes or mi- 
tochondrial properties. In rats treated with cy- 
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Fig. 3. Effect of cyclophosphamide on the capacity of liver mitochon- 
dria to accumulate and retain Ca 2 + . Liver mitochondria (1 mg ml ~~ ') 
isolated from either cyclophosphamide treated rats (top trace) or 
cyclophosphamide plus CsA treated rats (dotted trace) or from 
normal rats (or CsA treated rats) (bottom trace) were incubated in 
assay buffer (3 ml final volume) containing, 120 mM K.C1-10 mM 
Tris-Hepes (pH 7.2), 1 fig rotenone mg -1 protein, 60 fiM arsenazo 
III, 1 mM phosphate, 20 nmol Ca 2 + mg -1 protein. The uptake of 
Ca 2+ was initiated by the addition of 4 mM succinate as indicated. 
These results are from two studies and representatives of four exper- 
iments for each study. 
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Fig. 4. The ability of liver mitochondria to accumulated and retain 
TPP + . Liver mitochondria (I mg ml -1 ) isolated from either cy- 
clophosphamide treated rats (top trace) or cyclophosphamide plus 
CsA treated rats (dotted trace) or from normal rats (or CsA treated 
rats) (bottom trace) were incubated in assay buffer (3 ml final 
volume) containing, 120 mM KC1-10 mM Tris-Hepes (pH 7.2), 1 
mM phosphate, 20 nmol Ca 2+ mg -1 protein, 1 fig rotenone mg -1 
protein, 3 /<M TPP + . The uptake of TPP + was initiated by the 
addition of 4 mM succinate as indicated. These results are from two 
studies and are representatives of eight experiments for each study. 

clophosphamide plus CsA, levels of serum (GOT), 
(GPT), (G6P-DH) and (CPK 2 -MB) were reduced by 
about 44, 21, 43 and 57%, respectively (compared to 
cyclophosphamide treated rats). In rats treated with 
CsA alone the level of those enzymes reduced by 
about 16, 4, 8 and 9%, respectively (compared to 
control). The ability of liver and heart mitochondria 
isolated from cyclophosphamide plus CsA treated 
rats to retain accumulated Ca 2+ and TPP + was also 
restored to almost the level of control (Figs. 1-4, 
dotted traces). The apparent protective effect of CsA 
against cyclophosphamide induced damage in heart 
and liver mitochondria and the increased tolerance of 
their mitochondria to cyclophosphamide, indicated a 
likely relationship between cyclophosphamide toxicity 
and permeability of inner mitochondrial membrane 
of liver and heart. 

In conclusion, the present study showed that bio- 
chemical and haematological parameters could be 
used as markers for cyclophosphamide induced car- 
dio-and hepatotoxicity. Cyclophosphamide toxicity 
might be the result of increased permeability of heart 
and liver inner mitochondrial membrane. This possi- 
bility is supported by the protective effect of CsA 
against cyclophosphamide induced damage to mito- 
chondria. 
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Table 1 

Cyclophosphamide ( ± CsA)-induced alteration of rats serum enzymes and isoenzyme levels 



Serum enzymes and isoenzyme levels, 7 days after treatment (jj 1 ') 



Group GOT GPT G6P-DH CPK 2 -MB 



Control 


73.4 + 3.2 


38.2 + 1.8 


0.84 + 0.2 


21.3+2.5 


Cyclophosphamide alone 


112.2 + 5.8* 


47.3 ± 2.6* 


1.3 + 0.3* 


50.1 ±3.2* 


Cyclophosphamide plus CsA 


62.4 + 2.1** 


37.5 + 2.3** 


0.74 + 0.1** 


22.2+4.1** 


CsA alone 


61.8+1.9 


36.8 ± 3.4 


0.77 + 0.2 


19.4 + 3.8 



Values present are in mean ± S.E.M., n = 12-24. 

* Significantly different from control and CsA alone, P<0.05. 

** Significantly different from cyclophosphamide alone, P<0.Q5. 
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